Formation of SiC upon annealing an atomically clean Si͑001͒-2 ϫ 1 surface covered with half a monolayer of C 60 molecules has been investigated by a synchrotron-radiation photoemission. C 60 molecules are chemisorbed at room temperature on the silicon surface via Si-C 60 hybridization to form covalent bonds. During annealing of the film at 700°C, Si atoms in the first layer below the surface move upward to bond with C 60 molecules, enhancing the formation of Si x C 60 and resulting in weakened C-C bonds within C 60 molecules. Upon further annealing to 750°C, most C 60 molecules decompose and formation of the SiC film begins. Total decomposition of C 60 molecules occurs at 800°C, and only a SiC film is then found.
I. INTRODUCTION
Silicon carbide ͑SiC͒ is regarded as a material with prospective applications in optoelectronics, high-temperature semiconducting devices and microelectromechanical systems ͑MEMS͒. Among its remarkable physical properties are a wide band gap from 2.2 eV in the cubic phase to 2.9 eV in the hexagonal phase, high electron mobility ͑1000 cm 2 /V s͒, large thermal conductivity ͑4.9 W / cm°C͒, chemical inertness, sufficient hardness, and strong resistance to wear. [1] [2] [3] These properties make SiC suitable for a device that requires high power, high frequencies, high temperature, and high voltage. Although a few devices based on SiC have become commercially available, the great cost and insufficient quality for electronic applications remain a drawback for SiC technology. Development of a SiC film possessing a SiC / Si heterostructure and satisfactory quality thus demands attention.
Deposition of a chemical vapor ͑CVD͒ is commonly used to produce films of SiC on silicon, [4] [5] [6] [7] but growth of a SiC film of satisfactory quality requires the substrate to be maintained at a temperature as great as 1050°C, which impedes device fabrication. As this process might incorporate unwanted constituents, such as hydrogen, into the film, alternative methods must be developed to improve the feasibility of use of SiC.
Reaction of C 60 with the Si substrate yields a SiC film, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] which avoids extraneous species and improves the structural quality of the interface between SiC and Si. The temperature of the silicon substrate is kept near 800°C, notably less than for CVD. The interaction of C 60 with SiO 2 is weak below 1200 K, 8 thereby enhancing a possibility to make C 60 react selectively with the Si substrate. This characteristic of the selectivity achieved on a patterned sample of Si/ SiO 2 favors the growth of SiC from C 60 precursors. Much effort has been devoted to investigate the thermal reaction of C 60 with the Si substrate, mostly the growth methods and the SiC morphology. Knowledge of both the interaction of C 60 with the Si͑001͒ surface at high temperature and the mechanism of disruption of C 60 molecules to form SiC is lacking.
Here we address the question of formation of SiC from C 60 as a submonolayer film deposited on a clean Si͑001͒-2 ϫ 1 surface during annealing. Using synchrotron-radiation photoemission, we have found that the thermal effect causes Si atoms in the first subsurface layer to move upward to bond with C 60 molecules, so forming an intermediate Si x C 60 compound. This compound plays a crucial role in obtaining SiC from C 60 at low temperature, as a strong Si-C 60 interaction weakens the carbon-carbon bonds within C 60 molecules. We found a maximal concentration of the transient Si x C 60 at 700°C. On further increase of temperature to 750°C, most C 60 molecules decompose, and a SiC film begins to appear at the surface. Decomposition of C 60 is complete at 800°C; only a SiC film remains.
II. EXPERIMENTS
We performed photoemission experiments at the National Synchrotron Radiation Research Center ͑NSRRC͒ in Hsinchu, Taiwan. A wide-range spherical-grating monochromator ͑WR͒ provided monochromatic radiation. A 125-mm hemispherical analyzer ͑OMICRON Vakuumphysik GmbH͒ in an UHV chamber with base pressure less than 2.5ϫ 10 −11 Torr collected the photoelectrons. The total energy resolution was 65 meV for Si 2p spectra at photon energy 150 eV, and a͒ Author to whom correspondence should be addressed; electronic mail: cpcheng@mail.ncyu.edu.tw 100 meV for C 1s core-level spectra at photon energy 330 eV. A mirror-polished Si͑001͒ single crystal ͑ =1 −10 ⍀ cm, P͒ of n type was preoxidized according to the method of Ishizaka and Shiraki, 26 and annealed in a stepwise manner to 875°C in the photoemission chamber to remove the protective oxide layers. The chamber pressure was controlled to be less than 8.0ϫ 10 −11 Torr during deposition of a thoroughly degassed source of C 60 from a BN crucible onto the silicon surface. The coverage of C 60 was determined with a quartz-crystal thickness monitor, and verified from the intensity attenuation of the surface-related emission in the photoelectron spectra. One monolayer ͑ML͒ is defined as 8.4 ϫ 10 13 cm −2 . We annealed the C 60 sample ͑thickness 0.5-ML͒ for 5 min, and then cooled the sample to room temperature ͑RT͒ before the measurement. The temperature of the substrate was measured with an infrared pyrometer ͑emissiv-ity setting 0.64͒. Figure 1 shows the evolution of C 1s core-level spectra taken at photon energy 330 eV in normal emission upon annealing the interface formed from a C 60 film ͑thickness 0.5 ML͒ on a Si͑001͒-2 ϫ 1 surface. All spectra are normalized with the mesh current. In Fig. 1͑a͒ that displays the spectrum of the 0.5-ML C 60 / Si interface at RT with an analytical fit, feature A at binding energy 284.7 eV originates from carbon atoms in C 60 . A broad line, D, at binding energy 283.8 eV is attributed to carbon atoms that bond covalently with the silicon atoms on the surface, the C-Si bond. Details of the C 60 / Si interface are published elsewhere. 27 Upon annealing the 0.5-ML C 60 film, peak A shifted to lower binding energy by 0.1 eV, but at 600°C it reverted to the original position. Annealing decreased the intensity of peak A, and enhanced peak D, which shifted gradually toward lower binding energy with increasing temperature. This thermal effect resulted in an increased number of C-Si bonds, and a severe structural modification was initiated in the C 60 adsorbate. At 750°C, the intensity of peak A decreased greatly and a new peak F located at 282.8 eV began to evolve. When the annealing temperature attained 800°C, component F became the only feature in the C 1s core-level spectrum. Its binding energy 282.7 eV agrees satisfactorily with its counterpart for crystalline SiC. [28] [29] [30] [31] These phenomena indicate that all C 60 molecules have decomposed and that the surface is partially covered with SiC.
III. RESULTS AND DISCUSSION
Figure 2 displays Si 2p core-level spectra recorded at photon energy 150 eV in normal emission after annealing at various temperatures, the same as for Fig. 1 . All spectra are normalized with the mesh current; in an analytical fit to the spectrum at RT is presented in Fig. 2͑a͒ , only the p 3/2 components are plotted for clarity. The inset shows Si 2p cores before C 60 deposition, which demonstrates a surface of satisfactory quality before deposition of C 60 . As shown in tion of C 60 at RT resulted in a decreased intensity of the Su component and induced two new components, C1 and C2. The surface core-level shifts ͑SCLS͒ from the bulk component ͑B͒ of the up-and down-dimer atoms ͑Su and Sd͒, the first subsurface layer atoms ͑S1͒, the second subsurface layer atoms ͑S2͒, and C 60 -induced components ͑C1 and C2͒ became −0.49, −0.02, +0.19, −0.13, +0.36 and +0.89 eV, respectively. As the growth of C1 and C2 components correlated well with the growth of the D component in the C 1s cores, they are assigned to Si atoms bound covalently to C 60 . 27 As is discernible in Fig. 2 , annealing enhanced both C1 and C2 components, but caused broadening of the spectral features. These two components attained maximal intensities at 700°C. Further annealing at 750°C and above diminished the intensities of components C1 and C2, concurrently with the appearance of a new component, S. This S component has SCLS −0.4 eV and manifests a surface character; we thus assign it to originate from symmetric dimer atoms. 34 Both Si 2p and C 1s core-level spectra indicate that the C 60 / Si interface underwent a phase transition at 750°C, denoted T c . Below T c , most C 60 cages are preserved, but above T c SiC began to form. To understand the details of the electronic structure embedded in the broad line of Si 2p cores below T c , we fitted them with a model function similar to the one that represents the C 60 /Si͑001͒-2 ϫ 1 interface. 27, 33 This fit is shown in Fig. 3 , in which raw and fitted data are plotted as dotted and line curves, respectively; the p 1/2 components are suppressed to make individual contributions more readily identifiable. As a result, the spin-orbit splitting is 606± 4 meV, the branching ratio is 0.50± 0.01, and the Lorentzian width is 78± 5 meV ͓full width at half maximum ͑FWHM͔͒. The binding energy shift and Gaussian width of each component are listed in Table I . As shown in Fig. 3͑a͒ , mild annealing at 400°C caused uncovered dimers to become symmetric, thereby producing a single S component lying near −0.40 eV SCLS. The other S1, S2, C1, and C2 components reside at positions near those at RT. During annealing, the intensity of both C1 and C2 components increased at the expense of the S1 component, whereas the other S and S2 components were unaffected.
The nature of both C1 and C2 components in the Si 2p cores leads us to attribute their increased intensities to an increased number of Si-C 60 bonds. As to which layer of silicon atoms contributes to the growth of components C1 and C2, the top surface and S1 layers are equally feasible. Nevertheless, the former is readily excluded, as placing a reduction factor onto the S component associated with the symmetric dimers precluded a satisfactory fit. The S component reveals no signature of intensity reduction, but a proper representation of the model function to the curve is immediately achieved when the S1 component is reduced at the same rate of increase of both C1 and C2 components. Hence we believe the atoms in the S1 layer to be responsible for the increased number of Si-C 60 bonds.
Another issue to be addressed concerns whether atoms in the S1 layer move upward, or C 60 molecules diffuse downward, to the S1 layer to form Si-C 60 bonds. On the basis of previous STM work, C 60 molecules are claimed to be located on top of the surface dimers at elevated temperatures. [35] [36] [37] [38] [39] [40] [41] [42] Furthermore, Yao et al. found that annealing a C 60 / Si interface ͑0.01 ML͒ at 600°C promoted diffusion of Si atoms to form islands around C 60 , thus enabling C 60 to bond with S1 silicon atoms. 41 These authors stated that bonding between Si and C is covalent because the band gap was about 2.2 eV, near that of SiC ͑2.2-2.9 eV͒. In summary, the increased number of Si-C 60 bonds seems to be due to S1 atoms that move upward to bind C 60 molecules. We thus denote the newly formed Si-C 60 bonds as Si x C 60 , because C 60 structures are preserved below 750°C.
We found the temperature for the formation of crystalline SiC to be at least 300°C less than that applicable in CVD. Our analysis indicates that the dissociation temperature of C 60 molecules dictates the formation of SiC. The role that C 60 plays is to serve as a precursor, the decomposition of which releases the fragmented carbon to bond with Si to form SiC. Disruption of the C 60 cage is assisted by an electronic effect that weakens C-C bonds through transfer of charge from Si to C 60 . Although heat might stimulate greatly the thermal vibration of C 60 and allow the first subsurface Si atoms moving upward to bond with the C 60 molecules, the Si-C 60 hybridization causes a weakening of C-C bonds internally in C 60 , resulting in the existence of Si x C 60 species below T c . This intermediate Si x C 60 species assists in a positive way the decomposition of C 60 upon further annealing. As signals due to Si-C 60 bonds attain maximum intensity at 700°C, decomposition of C 60 is facilitated at 750°C.
IV. CONCLUSION
We have demonstrated a detailed picture for carbonization upon annealing the C 60 / Si interface. At room temperature, C 60 molecules are chemisorbed on the Si͑001͒-2 ϫ 1 surface via Si-C 60 hybridization. Heating the sample enables the first subsurface Si atoms to move upward to bond with the C 60 molecules, thus forming a Si x C 60 compound, with the greatest number at 700°C. The Si-C 60 hybridization greatly weakens the C-C bonds internally in C 60 molecules. Upon heating of the interface further to 750°C, most C 60 molecules decompose, and the released carbon rearranges with Si to form a SiC film. At 800°C, C 60 molecules are completely decomposed and only SiC is detectable. 
